Breast milk consumption is the primary route of infant exposure to certain lipophilic toxicants that have accumulated over decades in maternal adipose tissue, as well as to less persistent toxicants from maternal exposure during lactation. Such infant exposures occur at a time of rapid growth and development when susceptibility to certain toxicants can be greatest. Breast milk and lipid intake rates are presented for the 0-6 and 0-12 month age periods for infants fed according to the American Academy of Pediatrics' current recommendations (exclusive breast-feeding for 0-6 months and continued breast-feeding to 12 months). Intake rates are normalized to infant bodyweight to account for the covariance of consumption and bodyweight. Frequency distributions describe the population variability in intake. For age 0-12 months, daily average milk intake is 100.7722.7 g/kg day (mean7SD), with a 95th percentile of 153.5 g/kg day. Breast milk intake distributions are also developed for infants exclusively breast-fed (no significant calories from non-breast milk sources) over their first year, and for the entire (nursing and non-nursing) infant population. For short-term exposures, intake can be derived from the regression equation presented here. Lipid intake estimated assuming a 4% lipid content (current risk assessment practice) is compared and found comparable to that derived from measured lipid content. The national trend of increased breast-feeding found in surveys further supports including the breast milk pathway in risk assessment.
Introduction
Breast milk is the primary source of infant exposures to highly lipophilic, poorly metabolized pollutants, such as TCDD, DDT and PCBs. These toxicants are sequestered in maternal adipose tissue and eliminated very slowly except when excreted during breast-feeding. The infant can thus receive a significant portion of toxicants from maternal body stores that have accumulated over decades of exposure (Smith, 1987; Hoover et al., 1991; Schecter et al., 1996) . On a bodyweight basis, daily exposure to such contaminants can be markedly greater in breast-fed infants than in adults (Patandin et al., 1999) or formula-fed infants (Abraham et al., 1996) . Maternal occupational and pharmaceutical exposures to less persistent (Schreiber et al., 1998) and nonlipophillic substances (e.g., metals; Sonawane, 1995) can also result in significant exposures to nursing infants.
Exposures via breast milk occur during a period of rapid growth and development when susceptibility to certain toxicants can be greatest. Cancer, as well as adverse effects on the developing brain, nervous, and endocrine systems, are of concern. Early in life exposures to certain chemicals have been shown to increase the risk of cancer both experimentally (e.g., Drew et al., 1983; Peto et al., 1984) and epidemiologically (NRC, 1980) .
At the same time, the health benefits of breast-feeding are well known. Over the last decade, its extent and duration has climbed in all regions of the country, due in part to efforts to encourage breast-feeding (Wright et al., 1996; U.S. DHHS, 2000) . The American Academy of Pediatrics (AAP, 1997) now recommends exclusive breast-feeding to age 6 months, then breast milk as the sole milk source to age 1 year, with the introduction of solid foods after 6 months.
The assessment of infant exposures to chemicals in breast milk depends on estimates of breast milk intake, and for contaminants located in the lipid fraction, lipid intake. Milk consumption, measured in ml/day or g/day, varies widely from infant to infant. This is due in part to the correlation of milk consumption and infant bodyweight (Matheny and Picciano, 1986; Neville et al., 1988; Dewey et al., 1991b) , since bodyweight varies considerably during the first year. The preferred measure of dose in risk assessment is consumed amount per bodyweight. It can be estimated by multiplying milk intake in gm/kg bw by the concentration of contaminant in milk. Dividing mean milk consumption by mean bodyweight can lead to mischaracterizations of the dose estimate. Accuracy of the estimated dose is increased by using bodyweight and consumption data taken from the same infant on the same day to estimate each infant's milk intake.
In this paper, population distributions for average daily milk and lipid intakes in g/kg day for ages 0-6 and 0-12 months are derived for infants fed according to AAP recommendations, which are increasingly becoming the norm. The distributions are based on data drawn from publications in the peer-review literature and datasets supplied by publication authors. Breast milk intake rates for infants breast-fed exclusively over their first year are also described, along with a regression line of intake versus age for estimating intake for short-term exposures. The current risk assessment assumption of 4% lipid content (U.S. EPA, 1997; OEHHA, 2000) is also evaluated. Finally, the distribution of breast milk intake for the entire infant population (nursing and non-nursing) is derived from U.S. data on consumption, prevalence and duration. This work builds on that of Maxwell and Burmaster (1993) who derived population distributions for lipid intake in g/day using data from one research group.
Methods
Various terms have been used to describe the extent of breastfeeding. For simplicity here, exclusive breast-feeding means that breast milk is the sole source of calories, with no or insignificant calories from other liquid or solid food sources. Predominant breast-feeding means breast milk is the sole milk source with significant calories from other foods.
Data
Breast Milk Intake Datasets A comprehensive literature survey and review of breast milk intake studies from 1975 to 2000 was conducted. Studies were identified that provided data on individual infants with either separate milk intake and bodyweight measurements or with milk intake measurements on a bodyweight basis. Data were also obtained directly from some study authors. Data consistent with AAP advice (exclusive breast-feeding for 0-6 months and predominant breast-feeding for 6-12 months) were used to construct an ''AAP Recommended Breast-Feeding Practices Dataset'' (AAP Dataset). A ''0-12 Month Exclusively Breast-Feeding Dataset'' (0-12 M EBF) was also created using the 0-6 month data in the AAP Dataset and data from exclusively breast-fed infants older than 6 months of age. Summary statistics for data in these datasets are given in Table 1 . All studies listed in Table 1 provided data for both the AAP and 0-12 M EBF datasets, though they each provided data for different age periods. Only Salmenpera et al. (1985) provided data past 6 months of age for 0-12 M EBF dataset.
Description of Studies
The methods used to measure milk consumption and lipid content in the selected studies have been described in detail by (8) 84727 (8) 77726 (7) 67719 (7) a Number of mother-infant pairs is given in parentheses. Intakes are reported as mean7SD. Neubauer et al. (1993) for which such information is not given. All studies measured intake by ''test weighing,'' where the infant is weighed before and after each feeding for a set time period (usually 24 h). Differences in pre-and postfeeding weights give the total amount of milk consumed. Test weighing is regarded as reasonably accurate (Hofvander et al., 1982; Neville et al., 1988) . Validation studies suggest that actual intake may be underestimated by approximately 5%, due in part to insensible water loss (primarily from evaporation), estimated at 1-5% of measured milk intake (Brown et al., 1982; Butte et al., 1984; Woolridge et al., 1985; Dewey et al., 1991b) . Of the selected studies, only Dewey et al. (1991a, b) accounted for insensible water loss. All studies reported daily intake, which was measured over at least a 24-h period and averaged to a daily rate. Dewey et al. (1991a, b) measured breast milk intake at 3 (n ¼ 73), 6 (n ¼ 59), 9 (n ¼ 50), and 12 (n ¼ 42) months of age. Mothers were committed to breast-feed for at least 12 months, exclusively breast-feed for the first 3 months, and to feed no more than 120 ml/day of other milk or formula throughout the first year. Solid food was introduced between 4 and 7 months (mean7SD, 5.371.1 months). Intakes were measured over a 4-day period. Raw data (provided by K. Dewey, University of California, Davis) gives the infant age in days at each intake measurement. The 6-month data (mean7SD, 100719 g/kg d) are excluded from the AAP Dataset, since unspecified infants in this group received solid food as early as 4 months. Hofvander et al. (1982) measured milk intake of 75 exclusively breast-fed infants at ages 30, 60, and 90 (77) days (25 infants at each age). Intakes were measured over a 24-h period. Accuracy was evaluated by repeating the procedure in the hospital with selected mother-infant pairs. For our analyses, infant age is assumed to be 30, 60, or 90 days. Ferris et al. (1993) and Neubauer et al. (1993) studied lactational outcomes of mothers who planned to exclusively breast-feed for 3 months. Breast milk intake of a subgroup (''referent group'') is used here. Intake was measured at ages 7, 14, 42, and 84 days (raw data provided by A. Ferris, University of Connecticut, Storrs). Only the 7-day (n ¼ 10) and 14-day (n ¼ 9) measurements (taken at 6-8 and 12-16 days, respectively) fit our inclusion criteria because some infants received formula supplementation before 42 days. Intake was measured over 24 h plus one feeding. Salmenpera et al. (1985) measured milk intake of exclusively breast-fed infants age 4 (n ¼ 12), 6 (n ¼ 31), 9 (n ¼ 16), 10 (n ¼ 10), 11 (n ¼ 5), and 12 (n ¼ 4) months. All but one mother planned to breast-feed for at least 10 months. Intake was measured over a 72-h period. Individual data (provided by L. Salmenpera, University of Helsinki) gives infant age (days) at each intake measurement. Stuff and Nichols (1989) measured breast milk intake in infants at ages 16 (n ¼ 45), 20 (n ¼ 45), 24 (n ¼ 45), 28 (n ¼ 45), 32 (n ¼ 26), and 36 (n ¼ 8) weeks. Mothers were committed to exclusively breast-feed for at least 16 weeks, and to predominantly breast-feed for the first 12 weeks thereafter. All measurements made at times of exclusive breast-feeding are included in the AAP Dataset. Measurements taken during predominant breast-feeding from one study subgroup that exclusively breast-fed through 24 weeks are also included. Intakes were measured over a 5-day period. Individual data (provided by J. Stuff, Baylor College of Medicine) gives age in approximate weeks.
Breast Milk Lipid Data
Lipid content data on individual infants were provided by K. Dewey. Summary statistics are given in Table 2 . Breast milk was collected over a 24-h period via an Egnell electric pump, which uses pulsing action to simulate infant sucking. Details on lipid measurement methods are given by Dewey et al. (1991b) .
Prevalence and Duration Data
Prevalence and duration of breast-feeding values were taken from the 2000 Ross Laboratories Mothers Survey (RLMS) conducted by Abbott Laboratories (2001), maker of infant formula (Table 3 ). The survey, described by Ryan et al. (1991 Ryan et al. ( , 2002 , is mailed monthly for 12 months to new mothers asking them to recall the types of milk their baby was fed. In 2000, 117,000 questionnaires were mailed monthly, with an average response rate of 31%. Survey responses are weighted to account for varying geographical coverage and response rates using demographic character- (Fomon, 1993) and by low overall response rates, it is used here for making rough estimates of intake rates in the general infant population. It is also the only long-term survey of breast-feeding, permitting observation of temporal trends.
Data Analysis Methods
For each age, datasets are analyzed for consistency with the normal distribution using distributional plots, KolmogorovSmirnov and Shapiro-Wilk tests, and kurtosis and skewness statistics (using SPSS 10.1). Data are also analyzed for goodness of fit with the lognormal distribution. The relationship between age (in days) and intake rates is explored using linear regression and other model fitting exercises.
There are no data in the AAP Dataset on any individual infant followed at regular, frequent intervals from birth through 12 months. Thus, to derive population distributions of intake, assumptions are made regarding how an individual's intake varies from the norm with time. Overall, agespecific intake data are consistent with normality (see Results), and this is assumed in the derivations. Two methodological approaches are used. In Method 1, the average population daily intake at each age is described by a regression line, assuming normality. Average intake over a time period is calculated by integrating intake over the period and dividing by the period length. SDs of intake are calculated for each age (nearest week or alternatively month), and a pooled SD is derived. Individual infants are assumed to differ from the average according to this pooled SD. In Method 2, intake over time is simulated for 2500 hypothetical infants. For each age (nearest week) for which measurements are reported, values are randomly generated for each infant from a distribution based on the empirical mean, SD and assumption of normality (using Crystal Ball 2000) . For each infant, a line is fit using generated intake versus age data, from which average daily intake is then calculated. Distributions for the hypothetical population are derived from the 2500 individual intakes.
Lipid intakes are calculated from lipid content and milk intake measured on the same infant, and a population intake distribution is derived following the procedures of Method 1. This distribution is compared, using ANOVA and t-tests (Microsoft Excel, 2000; SPSS 10.1), to that derived by multiplying the same milk intake values by a constant 4% lipid content value.
Distributions of 0-6 and 0-12 month average intakes for the entire infant population are constructed using a computer program written for this purpose in C. First, prevalence of breast-feeding is derived for different ages by linearly interpolating values at 0, 6, and 12 months from the national 2000 RLMS data (Table 3) . This gives a daily rate for the cessation of breast-feeding of 0.2027% from 0 to 6 months, and 0.07563% from 6 to 12 months. Between birth and 1 year, cumulative intake is derived in increments of 1 day for the segment of the population ceasing to breast-feed at that age. Cumulative intake for this segment is based on the linear relationship and variance derived from the AAP Dataset according to Method 1. The cumulative intakes are divided by the 6-or 12-month averaging period. where age is in days and intake is in g/kg day. Overall, intake decreases with increasing age, and daily intake is greatest during the first month. A linear relationship fits these data well.
Results

Average Daily Breast Milk Intake
The mean, SD, coefficient of variation (CV) and normality test results for intake data at different ages are given in Table 4 . As indicated by the CV and SD, interindividual variability in intake is greatest for the two youngest and three oldest age groups. The greatest intake measured is for age 14 days (mean7SD, 160.6741.7 g/kg day; 99% percentile, 257.8 g/kg day). The intake data for each age group fit a normal distribution well (Table 4 ). The normal distribution fit better than the lognormal distribution for all but one age group (60 days).
Time-weighted average daily intakes are given in Table 5 . The mean levels for the first 6 months (exclusive breastfeeding) are greater than for 0-12 months (both exclusive Breast milk intake distributions to assess risk Arcus-Arth et al.
and predominant breast-feeding). Intake variability for Method 2 is less than for Method 1, reflecting the Method 2 assumption that intakes for an individual are not correlated over time. However, an analysis of the Dewey et al. data suggest some correlation of infant intake over time (coefficient of determination of 0.18, 0.38, and 0.53 between the 3 and 6, 6 and 9, and 9 and 12 month measurements, respectively). Methods 1 and 2 can therefore be seen as bracketing the variability in milk consumption among individual infants. Still, interindividual variation is not large, with upper 99-percentiles for Method 1 less than twice the median. Table 5 also presents average daily intakes for the 0-12 M EBF Dataset, representing the highest breast milk consumption group. The underlying EBF data are consistent with the normal distribution for all tests tried. For the general population (nursing and non-nursing), as expected, mean intakes are low but upper percentiles approach those for the AAP data set. Table 6 gives lipid intakes calculated using milk intakes of Dewey et al. and either the corresponding measured lipid content provided by K. Dewey or a 4% lipid content value. Mean and 99th percentile lipid intakes of the two calculation methods are within 10% and 2% of each other, respectively. Use of a 4% lipid content value may result in a slight overestimation at the mean and slight underestimation at the upper percentiles.
4% Lipid Content Assumption
The 6-, 9-, and 12-month lipid intakes calculated using measured lipid content were consistent with the normal distribution. We also found an inverse correlation in the Dewey et al. data between lipid content and milk intake (g/kg day), greatest at the 3-month measurement (r ¼ À0.46) but considerably less at 6, 9, and 12 months (r ¼ À0.16, À0.28, and À0.12, respectively). Table 7 gives lipid intakes calculated assuming 4% lipid content and milk intakes in the AAP Dataset. 
Statistic/SE: À2 oStatistic/SE o+2 suggests a normal distribution (Tabachnick and Fidell, 1996) . 
Discussion
Because both bodyweight and breast milk consumption (ml/ day) change substantially over the first year of life, accounting for the covariance of these parameters, as was done here, provides an improved basis for estimating the dose of chemicals ingested via breast-feeding. Statistical distributions describe interindividual variation in milk intake across the population of breast-feeding infants. At each age level, intakes are well described by a normal distribution. For infants breast-fed for 12 months in accordance with AAP recommendations, the mean, 90th percentile, and 95th percentile of daily average milk intake are 100.7, 130.4, and 138.9 g/kg day, respectively. The 99th percentile of daily average intake was found to be less than twice the mean, indicative of the small degree of variability in bodyweight normalized values. Intakes are even less variable for exclusively breast-fed infants whose entire caloric requirements are met through breast milk. For acute exposures, it is important to consider the period of greatest intake, which in the datasets here corresponds to the second week of life. At this age, when susceptibility to certain toxicants is high, the mean intake is 160.6 g/kg day and 99th percentile is 257.8 g/ kg day. For chronic and subchronic exposures, the daily average for the 0-6 and 0-12 month periods can be used for chemical exposure and risk assessment. Our intake distributions are derived from data of infants aged 7 days and older. However, milk intake and lipid content may change considerably during the first days of life. Milk intake is generally very low for days 1-2, increases substantially for days 3-4, and levels off on day 5 (McClelland et al., 1978; Saint et al., 1984; Casey et al., 1986; Neville et al., 1988) . Lipid content is relatively low during days 0-5 but by day 7 is quite close to mature levels (Table 8 ). Due to lower lipid content during the first 7 days, lipid intakes calculated here, which are for breast-feeding over 0-12 months, may slightly overestimate true lipid intakes.
The assumption of a linear relationship between milk intake and age (Methods 1 and 2) overpredicts daily milk intake for days 0-4. However, using the regression equation, at day 5 the predicted intake (156 g/kg day) is essentially the same as observed intake (Table 8 ). The slight overestimation in milk intake of days 0-4 is only 1% of a 12-month nursing period and is offset by the larger error from lack of adjustment for insensible water loss in all but one study in the AAP Dataset.
Milk intake in the AAP Dataset varies widely at 12 months. We calculated calories provided by breast milk relative to daily caloric requirements, assuming 70 kcal/g of breast milk (Whitehead and Paul, 1981; Dewey and Lonnerdal, 1983; Nommsen et al., 1991) and a daily caloric requirement of a 12-month-old infant of 83 kcal/kg-bodyweight (Prentice et al., 1988) . Of the 42 infants from Dewey et al. breast-fed at 12 months, the caloric requirement provided by breast milk was insignificant for 12%, but was substantial (the majority of caloric requirement) for 33%, suggesting that a significant number of infants may still receive substantial amounts of breast milk at 12 months of age.
The inverse correlation between breast milk intake and lipid content seen in the Dewey et al. data is consistent with findings of increased lipid content during periods when milk intake (and presumably volume) is decreasing, that is, during weaning (Garza et al., 1983; Neville et al., 1991) and later lactation (Dewey et al., 1984) . Lowenfeld et al. (1934) likewise concluded that low milk volumes were associated with increased lipid content and also reported that lipid content was increased by vigorous sucking. These data suggest that lipid intake may be significant for some infants even during periods of decreased milk intake.
The RLMS was used to generate estimates of milk intake for the general infant population because it provides the most current data on the prevalence of breast-feeding. Although RLMS has limitations (Fomon, 1993) , survey results are consistent with those of two national surveys from the 1980s (Visness and Kennedy, 1997; Ryan et al., 1991) . However, Lipid intake derived using lipid content and milk intake measurements provided by K. Dewey. b Lipid intake derived using a 4% lipid content value and milk intake provided by K. Dewey. Breast milk intake distributions to assess risk Arcus-Arth et al.
better survey information would be useful. Also, because the prevalence and duration of breast-feeding can change dramatically within relatively short periods, distributions of milk intake for the general population should be reviewed periodically for accuracy.
Survey data show a marked increase in both initiation and duration of breast-feeding over the last 20 years (Table 9) , with increases in every geographic region of the country and in all races/ethnicities and socioeconomic classes (Ryan, 1997; Ryan et al., 2002 ). Historically, breast-feeding prevalence has been highest in the Mountain and Pacific states compared to the rest of the country (Visness and Kennedy, 1997) and that remains the case today.
As breast-feeding patterns vary considerably with maternal age and education, race/ethnicity, and economic status (Ryan, 1997; Visness and Kennedy, 1997; Ryan et al., 2002) , the percent of breast-fed infants among certain categories of mothers may be higher than that seen in Table 9 . Recent increases in breast-feeding initiation appear to be greatest among mothers traditionally having the lowest prevalence of breast-feeding (Ryan et al., 2002) . Furthermore, there was a nationwide increase in exclusive breastfeeding at 6 months, from 10.4% in 1990 to 17.2% in 2001 (Ryan et al., 2002) . These increases in breast-feeding prevalence, duration and volumes underscore the importance of including the breast milk pathway in risk assessments.
The distributions presented here are intended to represent the U.S. infant population. We used data from mothers who were predominantly white, well-nourished and of mid or high socioeconomic status. However, breast milk volume in ml/ day is similar among all women except for severely malnourished women (lower volumes) (Ahn and MacLean, Patton and Huston (1986) . c Jackson et al. (1994) . d Bitman et al. (1986) . Table 9 . Breast-feeding prevalence in the U.S. and Pacific states .
Year
Breast-feeding prevalence (%) Survey reference
In-hospital 6 months 12 months 1980 Nationwide 55.3 23.2 7.5 RLMS (Martinez et al., 1981 ) Pacific States n/a n/a n/a 1981 Nationwide 57.6 25.1 9 RLMS (Martinez and Dodd, 1983 ) Pacific States n/a n/a n/a 1985-87 Nationwide 56.3 a n/a n/a National Surveys of Family Growth Pacific States n/a n/a n/a (Ryan et al., 1991 (Ryan et al., ) 1988 Nationwide 53.4 a n/a n/a National Maternal and Infant Health Pacific States 72.6 a n/a n/a Survey (Visness and Kennedy, 1997) Reported as infants breast-fed at any time.
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1980
; Brown et al., 1986) . In fact, when measured in ml/kg day, intake of infants of marginally malnourished mothers was slightly greater than that of infants of well-nourished mothers due to lower infant bodyweights (Brown et al., 1986) . Dewey et al. (1991b) report that maternal age and weight, parity, pregnancy weight gain, and 1-3 month postpartum weight change were not correlated to infant intake. Therefore, the factors evaluated by Dewey et al., as well as nutrition, education, and socioeconomic status, are unlikely to have affected the representativeness of the distributions in this paper. Distributions were derived from data for infants fed in accordance with AAP breast-feeding recommendations. Because these practices are promoted by pediatricians and public health advocates (Wright et al., 1996; Sachter, 2001; Naylor, 2001) , the AAP distributions likely represent daily average milk intake for a significant segment of breast-fed infants today. We do not provide intake information for ages greater than 1 year, although breast-feeding can continue for years. Sugarman and Kendall-Tackett (1995) studied extended breast-feeding in 179 infants and reported an average weaning age of 2.5 to 3 years; intake data on infants that breast feed beyond 1 year of age are sparse. Although few infants are exclusively breastfed for 12 months, the EBF distribution may represent a more highly exposed subpopulation of infants exclusively breast-fed in excess of 6 months.
